After injection of Plasmodium berghei sporozoites into Norway-Brown rats, we were able to localize these sporozoites and the early hepatic trophozoites developing from them in histological sections of the liver stained with a sensitive immunogold-silver procedure. Sporozoites invading hepatocytes released substantial quantities of circumsporozoite protein into the hepatocyte cytoplasm. This intrahepatic cytoplasmic distribution reached a maximal level at about 4 h post-sporozoite injection. As By 40 h post-sporozoite injection, the inflammatory process was already well advanced. Many well-developed granulomas could be seen within the liver. It therefore seemed appropriate to investigate the initial stages of this process. A better understanding of the functional role of the inflammatory response requires analysis of the early stages of parasite interaction with inflammatory cells. However, the relatively small size of the hepatic schizont during its early residency in the liver, coupled with the possibility of its partial destruction by inflammatory cells, made it difficult to identify hepatic parasites positively by conventional staining techniques. Accordingly, we used a sensitive immunohistological staining procedure to identify circumsporozoite (CS) protein, an antigen that has been found to be present not only in the sporozoite but also in subsequent hepatic stages * Corresponding author. of the parasite (7, 8) . This procedure readily enabled us to locate these early stages and characterize the distribution of CS protein within them. The purpose of this report is to describe the release and distribution of CS protein within host hepatocytes during early parasite development and describe and characterize the inflammatory process in response to P. berghei sporozoite invasion and subsequent development.
Malaria is initiated by Plasmodium sporozoites, which are inoculated by mosquitoes, invade hepatocytes, and develop into hepatic schizonts. With the rodent malaria parasite Plasmodium berghei, mature schizonts begin to rupture at about 44 h post-sporozoite inoculation and the resultant merozoites initiate the erythrocytic stages of development. We have previously shown that when mature, nonimmunized rats were injected with P. berghei sporozoites, many of the developing hepatic schizonts were infiltrated by inflammatory cells (10) . Eosinophils represented a pioneer component of this cellular infiltrate, which we detected as early as 40 h post-sporozoite injection, well before any hepatic schizonts could have matured and ruptured within the liver. This presented histological evidence that inflammatory cells can recognize and infiltrate intact hepatocytes containing schizonts in immunologically naive animals. It also poses the possibility that this inflammatory process can be enhanced by immunization.
By 40 h post-sporozoite injection, the inflammatory process was already well advanced. Many well-developed granulomas could be seen within the liver. It therefore seemed appropriate to investigate the initial stages of this process. A better understanding of the functional role of the inflammatory response requires analysis of the early stages of parasite interaction with inflammatory cells. However, the relatively small size of the hepatic schizont during its early residency in the liver, coupled with the possibility of its partial destruction by inflammatory cells, made it difficult to identify hepatic parasites positively by conventional staining techniques. Accordingly, we used a sensitive immunohistological staining procedure to identify circumsporozoite (CS) protein, an antigen that has been found to be present not only in the sporozoite but also in subsequent hepatic stages * Corresponding author.
of the parasite (7, 8) . This procedure readily enabled us to locate these early stages and characterize the distribution of CS protein within them. The purpose of this report is to describe the release and distribution of CS protein within host hepatocytes during early parasite development and describe and characterize the inflammatory process in response to P. berghei sporozoite invasion and subsequent development.
MATERIALS AND METHODS
Parasites and experimental animals. P. berghei NK65 sporozoites were obtained by dissection and homogenization of salivary glands from infected Anopheles stephensi mosquitoes, as previously described (21, 23) . Females NorwayBrown rats (from a Harlan Sprague-Dawley virus-free colony) were chosen because of the high susceptibility of Norway-Brown rats to sporozoites of P. berghei (13) . Rats 10 to 12 weeks old were used because of the full inflammatory response mounted by such animals against developing P. berghei hepatic schizonts (10 (10) that allowed us to compare objectively the histopathological changes in liver specimens fixed at various times after sporozoite injection. This is an additive system that assigns scores of 1 for expansion of portal tracts by inflammatory cells, 2 for portal and periportal inflammation, 3 for infiltration of sinusoids by inflammatory cells, 4 for foci of inflammatory cell aggregates, 5 for granulomatous aggregates, and 6 for well-defined granulomas.
Immunogold-silver staining, (IGSS). IGSS was done to localize the CS antigen of P. berghei on sporozoites and young hepatic trophozoites too small to localize after conventional histological staining. For the primary antibody, we used a monoclonal antibody (MAb), 3D11 (27) , to the immunodominant repeat region of the P. berghei CS protein, which persists on the surface of P. berghei hepatic schizonts throughout their development (3). To determine the reactivity of this MAb, a CS precipitation reaction with viable sporozoites (24) Epipolarization microscopy of sections shows silver grains, which appear white against a black background (la to lc). Bright-field microscopy of the same parasites stained with H&E is shown in panels a' to c'). Bar, 10 p.m. , 10% normal goat serum, 0.1% sodium azide in DPBS, pH 7.5) for 15 min. Slides were then drained, incubated with MAb 3D11 (diluted 1/20 in incubation buffer [0.8% bovine serum albumin, 0.1% gelatin, 1% normal goat serum, 0.1% sodium azide in PBS, pH 7.5]) for 45 min, and washed in four changes of DPBS-Brij. They were then incubated for 45 min with a secondary antibody (AuroProbe One GAM; Janssen) consisting of affinity-purified goat anti-mouse immunoglobulin linked to 1-nm-diameter gold particles diluted 1/50 in incubation buffer. After being washed in four changes of DPBS-Brij, the slides were fixed with 2% glutaraldehyde in PBS for 10 min. The slides were then removed from the holder and washed with distilled water for 5 min, and silver amplification steps were performed with the IntenSE M kit (Janssen) for 5 to 10 min at room temperature, with monitoring of the degree of silver enhancement by light microscopy. During this monitoring, we attempted to achieve a high degree of specific staining prior to development of a heavy, nonspecific background. Such staining allowed easier localization of parasites, although the heavy immunostaining sometimes obscured details of parasite morphology visualized by H&E. Accordingly, we understained parallel batches of slides to permit better visualization with H&E. After being washed once with distilled water for 5 min, slides were counterstained with H&E, dehydrated, and then mounted in Permount for observations with epipolarization microscopy (5), which allowed clear visualization of the silver particles. Some slides were counterstained instead with 4',6-diamidino-2-phenylindole (Sigma) as previously described (9), for visualization of schizont nuclei. Controls consisted of elimination of incubation steps with the primary and/or secondary antibodies.
RESULTS AND DISCUSSION
Parasite morphology, distribution of CS protein, and the nature of the host response at various times from 1 to 28 h after sporozoite injection are presented in Table 1 , together with references to Fig. 1 to 3 , which illustrate these results. Control rats (nontreated controls, rats that received injections with noninfected salivary glands, or rats that received injections with equivalent numbers of killed sporozoites) had no striking histopathological changes in their livers, even by 28 h postinjection of sporozoites.
Our observations on differentiation of P. berghei sporozoites into hepatic schizonts have allowed us to confirm and extend in vitro and in vivo observations of previous workers, who reported that the transformation of elongate sporozoites into spherical hepatic trophozoites is first marked by the appearance of a terminal or mid-region bulb on each sporozoite (1, 8, 14, 15, 18) . This differentiation continues with progressive enlargement of the bulb. Interestingly, this stepwise differentiation from an elongate to a spherical parasite resembles in reverse our previous description of the differentiation of this parasite from a spherical fertilized gametocyte to an elongate ookinete (26) .
We also observed in the present study that substantial quantities of CS protein were detectable throughout the cytoplasm of host hepatocytes, as determined by immunohistological staining of liver specimens taken during the first several hours post-sporozoite injection. Localization of hepatic schizonts by immunofluorescence has long been carried out with polyclonal sera raised against blood stages of the parasite (reviewed in reference 11) or against irradiated sporozoites (4). The latter researchers, who were able to localize hepatic schizonts of P. berghei as early as 14 h post-sporozoite injection, found a peripheral localization of immunofluorescence around the parasite.
In the first attempt to study the distribution of a defined antigen within liver stages of the parasite, P. berghei sporozoites were allowed to invade cultured W138 or HepG2 cells and then at various times after sporozoite invasion the cultures were immunostained for CS protein by an immunoperoxidase procedure (8) . Sporozoites were reported to have shed CS protein-containing material onto the surface of the target cells. These researchers further reported strong staining of the parasite surface membrane, cytoplasm, and parasitophorous vacuole membrane throughout development (7). However, later studies by this group with P. falciparum demonstrated that CS protein was limited to the surface of the sporozoite at 1 h postinvasion of sporozoites into hepatoma cells (2) . These researchers thus concluded that the earlier findings were likely due to artifactual deposition of an immunoperoxidase reaction product on the closely opposed membrane of the parasitophorous vacuole. Similarly, studies with P. falciparum 2 h after invasion of cultured hepatocytes showed that CS protein was restricted to the sporozoite (18) .
The degree of deposition of CS protein within the cytoplasm of a host hepatocyte has been even less clearly defined. Lines of CS protein through the host cell cytoplasm to the parasite have been reported (20); these workers also described disrupted areas of host cell cytoplasm adjacent to the parasite (6) but no generalized labeling of host cell cytoplasm. Localized masses of CS antigen have been described in the cytoplasm of host cells in 3-and 24-h-old cultures when undifferentiated sporozoites were still present (3).
The generalized distribution of CS protein throughout the cytoplasm, which we now report, appears to be a new observation. We were able to detect this because of the high sensitivity of the IGSS procedure and because this distribution of CS protein within the hepatocyte cytoplasm appears to be restricted in time, reaching a maximum concentration at about 4 h post-sporozoite invasion. Virtually all of the earlier studies were done 1 or 2 h postinvasion of sporozoites and likely missed the maximum deposition of parasite antigen into the hepatocyte cytoplasm. The restriction of this intrahepatocytic distribution of CS protein to the first several hours post-sporozoite invasion suggests continued release of CS protein by sporozoites. We have shown that sporozoites geneous distribution of CS protein within the cytoplasm of host hepatocytes is seen. (2a') Bright-field microscopy of the same section to show H&E staining. (Panels 3 and 4) Photomicrographs of developing hepatic trophozoites at 8 h post-sporozoite injection. Bright-field microscopy of slides stained by IGSS and counterstained with H&E to show parasites (arrowheads), which are spherical, with no detectable CS protein within the host cell cytoplasm (panel 3) (22) . Sporozoites that successfully invade hepatocytes and then proceed to develop further do not appear to be involved in induction of focal inflammatory infiltrates around themselves.
Our results indicate that P. berghei sporozoites injected into mature Norway-Brown rats induce two waves of granuloma formation: an early one that initiates shortly after sporozoites are injected (as described here) and a later one that appears to initiate with the infiltration of developing hepatic schizonts at about 40 h post-sporozoite injection (10) . Until the initiation of this second wave of cellular inflammation, sporozoites that had successfully invaded hepatocytes and continued to develop appeared to be largely insensitive to the extensive hepatic inflammation going on elsewhere in the liver. Now that we have described the inflammatory response to sporozoites in immunologically naive animals, it will be of interest to determine (i) the possible role of this cellular inflammation in the processing of sporozoite antigen during induction of the immune response, (ii) the changes in the developing hepatic schizont that render it susceptible to recognition by host inflammatory cells at around 40 h, and (iii) the manner in which the cellular response against sporozoites and developing hepatic schizonts is more effective in animals that have been previously immunized.
